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Substituting soybean oil-based polyol into polyurethane flexible foams
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Abstract

Polyurethane (PU) flexible foams were synthesized by substituting a portion of base polyether polyol with soybean oil-derived polyol (SBOP)
as well as well-known substituent: crosslinker polyol and styrene acrylonitrile (SAN) copolymer-filled polyol. Increases in compression modulus
were observed in all substituted foams and the most substantial increase was found in the 30% SBOP-substituted sample. Scanning electron
microscopy (SEM) was used to examine cellular structure, in particular cell size. Polymer phase morphology, i.e., interdomain spacing and
microphase separation, was studied using small-angle X-ray scattering (SAXS) and atomic force microscopy (AFM). Hydrogen bonding was
investigated via Fourier transform infrared (FTIR) spectroscopy. Thermal and mechanical behaviors of foams were examined using dynamic
mechanical analysis (DMA) and differential scanning calorimetry (DSC). Compression properties were tested and compared via a 65% inden-
tation force deflection (IFD) test. It was found that substituting SAN-filled polyol slightly reduced foam cell size and had no effect on polymer
phase morphology. Crosslinker and SBOP polyols, on the other hand, had appreciable influence on polymer phase morphology. Crosslinker
polyol disrupted hydrogen bonding between hard segments and was mixed with hard domains. SBOP polyol reduced hard domain size and soft
domain fraction, and showed a broad distribution of interdomain spacings. Compression modulus increases in foams correlated well with shear
modulus by DMA and could be associated with the polymer phase morphology changes.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyurethane (PU) is one of the most versatile polymeric
materials with regard to both processing methods and mecha-
nical properties. By proper selection of reactants, the resulting
PU can be, for example, a rigid crystalline plastic, flexible
elastomer, or viscoelastic gel. This wide range of achievable
properties makes PU an indispensable component in building
construction, consumer products, transportation and medical
devices [1,2]. Similar to nearly all polymeric materials, PU
relies on petroleum oil as the feedstock for its major compo-
nents: hydroxyl-containing polyols and isocyanates. Over the

* Corresponding author. Tel.: þ1 612 625 0092; fax: þ1 612 626 1686.

E-mail address: macosko@umn.edu (C.W. Macosko).
1 Present address: Dow Chemical Company, 354 Building, Midland, MI

48667, United States.

0032-3861/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2007.09.016
past decade, as the price of petroleum oil escalated, the stability
and the sustainability of the petroleum market have become
growing concerns. Costs of polymeric raw materials have since
risen steadily as a result of rising feedstock price [3]. In contrast
to the less predictable petroleum market, agricultural products,
such as vegetable oils, have not only maintained steady prices,
but also experienced surpluses. In US from 1985 to 2007 the
price of soybean oil has risen 50% from 19 ¢ to 28 ¢/lb whereas
the price of crude oil has soared from 7 ¢ to 18 ¢/lb, a more than
150% increase [4].

Developing bio-renewable feedstocks for PU manufactur-
ing and for the polymer industry as a whole becomes highly
desirable for both economic and environmental reasons [5].
In PU manufacturing, vegetable oils can be potential replace-
ments for polyols. However, to form PU, hydroxyl groups are
required to react with isocyanate. With the exception of castor
and lesquerella oils, vegetable oils do not bear hydroxyls
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naturally. Several methods are currently known to add hy-
droxyls at the unsaturated sites: hydroformylation followed by
hydrogenation [6], epoxidation followed by oxirane opening
[7], ozonolysis followed by hydrogenation [8], and microbial
conversion [9]. All these methods produce polyols but with
structural differences. For illustration purposes, Fig. 1 shows
schematically the polyols that can be derived from a single
vegetable oil triglyceride using aforementioned processes
assuming no coupling or side reactions.

Researchers have successfully synthesized PU elastomers
using vegetable oil-derived polyols and observed improve-
ments in both thermal stability and oxidation resistance [10e
12]. The success in incorporating vegetable oil-based polyols
in PU elastomer synthesis has generated interest in using the
same polyols in PU foams. Foams constitute more than 60%
of all PU products, while elastomers make up 16% [13]. The
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Fig. 1. A simplified schematic representation of the multistep reactions used to

derive polyols from vegetable oil: (I) hydroformylation followed by hydroge-

nation [6]; (II) epoxidation followed by oxirane ring-opening (methanol, as an

example) [7]; (III) ozonolysis followed by hydrogenation [8]; (IV) microbial

conversion [9]. Vegetable oils, such as soybean oil, contain a mixture of fatty

acids. In the figure, R1 is oleic acid residue, R2 and R3 can be oleic, linoleic,

linolenic, palmic and other related acid residues. R2 and R3 with superscripts

represent modified fatty acid residues.
use of vegetable oil-derived polyols in foam synthesis is not
only desirable but also critical in reducing petroleum compo-
nents in PU.

Thus far, processed vegetable oils, such as palm, rapeseed,
and soybean oil, have been used to synthesize rigid foams. The
resulting products not only exhibit improved thermal stability
but also share comparable mechanical properties with their
petroleum-based analogues [14e16]. Nevertheless, the same
studies also expressed concerns over low reactivity of oil-
derived polyols and difficulty in foam density control.

The largest PU production goes into flexible foam, thus use
of bio-renewable polyols for flexible foams is much more de-
sirable. A direct approach is to use the natural polyol e castor
oil. Foams made solely from this natural polyol are low in re-
siliency and have a temperature dependent modulus [17]. The
narrow range of achievable foam properties and the relatively
high cost of castor oil have turned researchers to processed oils
for polyols. John and co-workers synthesized flexible foam us-
ing entirely soybean oil-derived polyol (SBOP) and the data
indicated that improvements in both surfactant efficiency
and SBOP reactivity were needed [18]. Partial incorporation
of vegetable oil-derived polyols has been much more success-
ful [19e21]. Not only have good quality foams been made, but
also higher resiliency has been achieved with these foams.
Among all partially substituted foams, higher hardness/com-
pressive modulus has been consistently observed. In the study
done by Herrington and Malsam, they replaced up to 30% of
the total polyol with SBOP and did not encounter common is-
sues associated with similar oil-derived polyols, such as odor,
density control and SBOP reactivity. More remarkably, a sig-
nificant load bearing increase measured by indentation force
deflection test (IFD) was reported [19].

In this work, we examined foam morphology to elucidate
the source of increased compressive modulus reported by Her-
rington and Malsam. A series of flexible foams were prepared
by replacing up to 30% of petroleum-derived polyether polyol
with three substituent polyols: styrene acrylonitrile (SAN) co-
polymer-filled, crosslinker, and SBOP polyols. Several experi-
mental techniques were applied to characterize the samples
including scanning electron microscopy (SEM), small-angle
X-ray scattering (SAXS), atomic force microscopy (AFM),
dynamic mechanical analysis (DMA), differential scanning
calorimetry (DSC), and Fourier transform infrared (FTIR)
spectroscopy. The effects of substituent polyols on both cellu-
lar structure and polymer phase morphology were examined
and compared. The two substituent polyols: SAN copoly-
mer-filled and crosslinker polyols were included in this work
because use of either polyol is known to increase compressive
modulus of flexible foam [2].

2. Experimental

2.1. Materials

Three commercially available petroleum-derived polyols,
Hyperlite� E-848 (Bayer Corporation), Hyperlite� E-849
(Bayer Corporation), and Voranol� 446 (Dow Chemical
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Company), were selected. These are typical molded flexible
foam polyols. Hyperlite� E-848 is a propylene oxide-based,
ethylene oxide capped polyol with a number average molecu-
lar weight (Mn) of 6700 g/mol and a functionality ( fn) of 3.8
[22]. Approximately 85% of the hydroxyls in Hyperlite� E-
848 are primary. Hyperlite� E-849 is a copolymer-filled polyol,
based upon Hyperlite� E-848. It contains an estimated 43 wt%
of stabilized styrene acrylonitrile (SAN) particles that are
approximately 0.5 mm in size. Voranol� 446, referred to as a
crosslinker polyol, is a low molecular weight (Mn¼ 570 g/
mol) propylene oxide-based polyol with an fn of 4.5 [23].

SBOP used in this study was synthesized by epoxidizing
soybean oil followed by an oxirane ring-opening reaction
using a mixture of water and methanol. Detailed synthesis pro-
cedures are described in Ref. [7]. An idealized structure of SBOP
shown in Fig. 2 has an Mn¼ 1058 g/mol and fn¼ 5. The actual
molecular weight of SBOP used in this study was measured by
gel permeation chromatography (GPC) at room temperature
using known molecular weight polyether polyols as standards.
Fig. 2 shows the GPC trace of SBOP. The calculated Mn of
SBOP used in this study is 1060 g/mol, polydispersity index
(PDI)¼ 1.04 for the large peak in figure and fn¼ 3.8. The lower
fn in the actual SBOP is due to both variations in fatty acid
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Fig. 2. Idealized structure of SBOP (top) and GPC trace of SBOP used in study

(bottom).
substituent and oligomerization of a small fraction of SBOP
during modification evidenced by a second broad peak in GPC.

Toluene diisocyanate (TDI) used is an 80:20 mixture of 2,4
and 2,6 isomers (Grade A Mondur� T-80, Bayer). Isocyanate
in excess of that needed to react with the OH groups on the
polyols reacts with distilled water to form CO2, which acts
as the only foam blowing agent. Gelling and blowing catalysts,
Dabco� 33-LV and Dabco� BL-11, were obtained from Air
Products and used as-received. Dabco� 33-LV, which acceler-
ates the reaction of NCO with OH, is a solution of 33 wt% tri-
ethylene diamine in dipropylene glycol. Dabco� BL-11, which
accelerates the reaction of NCO with water, is a solution of
70 wt% bis(2-dimethylaminoethyl)ether in dipropylene glycol.
Diethanolamine (DEOA, Huntsman) was used in small quan-
tities as a foam stabilizing cross-linking agent.

Three surfactants were employed in this study: Niax�

Y-10184, Dabco� DC-5169, and Tegostab� B-4690. Niax�

Y-10184 (Momentive Performance Materials, formerly GE
Silicones) is a silicon-based, molded foam surfactant which
is used in the foam formulations not containing SBOP.
Dabco� DC-5169 (Air Products) and Tegostab� B-4690 (De-
gussa AG) were used together in SBOP foams at a weight ratio
of 1:3.

2.2. Foam synthesis

Table 1 gives the formulations used to prepare the foam
samples. The amount of each component was based on
100 parts by weight of total polyol and a total mixture weight
of 500 g. The amounts of TDI stoichiometrically balance NCO
and reactive hydrogen species, i.e., isocyanate index¼ 100.

All ingredients, except TDI, were weighed into a 33-ounce
paper cup (Model DMC-33, International Paper Company)
and mixed using a 10-inch shop drill (Delta ShopMaster,
Model DP-200) equipped with a 3-inch diameter mixing blade
(ConnBlade Brand, Model ITC) for 24 s at 1100 rpm. At the
end of the mixing period, pre-measured isocyanate was added
to the cup and the mixing continued for additional 6 s. The
contents were then quickly transferred to a pre-heated alumi-
num mold (38.1� 38.1� 11.4 cm) controlled at 66� 1 �C.
The foam was allowed to rise and cure for 6 min, after which
the foam was removed from the mold and hand crushed to
open the cell windows and prevent shrinkage of the foam. Fur-
ther tests were done after the foam had aged at 25 �C in 50%
relative humidity for a minimum of 7 days.

The differences in polyol functionality and molecular
weight lead to variations in hard-segment (HS) and soft-
segment (SS) contents and will be discussed further in later
sections. The HS and SS contents were calculated using Eqs.
(1) and (2):
%HS¼
EMH2OðEWH2O þEWTDI� 1

2
WCO2

�
þEMDEOAðEWTDI þEWDEOAÞ þEMOHðEWTDIÞ

WTot�EMH2O

�
1
2
WCO2

� ð1Þ
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Table 1

Foam formulation in parts by weighta and resultant properties

Component Control 30% SANb 10% Crosslinker 10% SBOP 30% SBOP

Hyperlite� E-848 100 70 90 90 70

Hyperlite� E-849 e 30 e e e

Voranol� 446 e e 10 e e
SBOP e e e 10 30

TDI weight (g, index¼ 100) 156.9 155.5 170.4 161.5 172.4

HS (%) 30.0 29.7 33.0 31.1 33.4

HS-to-SS ratio 0.44 0.49 0.50 0.46 0.52

Sol fraction (%) 1.31� 0.20 4.75� 0.37 1.52� 0.17 1.31� 0.27 1.38� 0.18

Airflow (scfm) 2.5 3.1 2.4 4.3 3.1

Dcp (J/g/�C) 0.33 0.25 0.23 0.16 0.14

G0 at 25 �C (10�3 Pa) 10.5 17.7 23.2 23.5 51.8

65% IFD (kPa) 8.0 11.1 10.6 10.3 18.6

Density of all foams: 32 kg/m3.
a All formulations contain distilled water (4.2 pph), DEOA (1.2 pph), Dabco� 33-LV (0.35 pph), Dabco� BL-11 (0.08 pph) and surfactant (1.0 pph). Surfactant

used in SBOP-containing foams is a mixture of Dabco� DC-5169 and Tegstab� B-4690 at 1:3 by weight; all other foams used Niax� Y-10184.
b SAN particles (8.5 wt%) in foam.
%SS¼ EMOHðEWOHÞ
WTot �EMH2Oð12 WCO2

� ð2Þ

where EM is moles of functional group, EW is equivalent mo-
lecular weight, W is molecular weight, and subscripts H2O,
TDI, CO2, DEOA, OH and Tot refer to water, toluene diiso-
cyanate, carbon dioxide, diethanolamine, polyol and total, re-
spectively. It is assumed that HS is formed via the reaction of
TDI with water, DEOA, and OH on polyol, and corrected for
carbon dioxide loss. SS comprises polyols. Both HS concen-
trations and HS-to-SS ratios are tabulated in Table 1. Note
that for the 30% SAN sample the weight of the SAN particles,
8.5%, is considered neither as HS nor as SS.

2.3. Characterization

2.3.1. Solvent extraction
Small cubic samples were cut from the center of foam buns,

dried at 60 �C for 24 h and weighed (0.1e0.2 g). The dried
samples were then immersed in 20 ml dimethyl formamide
(DMF) for 7 days at room temperature followed by drying in
a vacuum oven at 60 �C for 10 days. The weight loss after
solvent extraction is reported based upon an average of six
samples per foam.

2.3.2. Scanning electron microscope (SEM)
Foam was frozen in liquid nitrogen and cut with a razor

blade into rectangular slices: 7� 10� 2 mm. The top surface
of each slice was sputter coated with 50 Å grain-sized plati-
num. Cellular structure images were obtained using a scanning
electron microscope (JSM-6500, JEOL) operated at 5 kV. An
average of 6e8 images were collected on each foam. The
perimeters of cells were manually traced from the SEM micro-
graphs using UTHSCSA ImageTool software (Microsoft
Corporation). Individual cell size was then calculated by ap-
proximating the cells as circular shapes [24,25]. Average cell
diameter and cell size standard deviation were calculated
from a survey of over 40 cells.
2.3.3. Dynamic mechanical analysis (DMA)
Foam disks (25 (D)� 10 mm) were tested in sinusoidal os-

cillation mode between two 25-mm diameter serrated parallel
plates (ARES II, TA Instruments). Contact was maintained by
applying a constant normal force of 50 g throughout the experi-
ment. Storage modulus (G0) was recorded at a frequency of
1 Hz over the temperature range from �100 to 200 �C.
The temperature ramp rate was controlled at 3 �C/min and
strain applied was 0.2% for temperature above 25 �C and
0.1% for temperature below 25 �C. Both strains are within
the linear viscoelastic region of the foam in the correspond-
ing temperature ranges.

2.3.4. Differential scanning calorimetry (DSC)
Soft-segment (SS) glass transition temperatures were deter-

mined using a DSC (Q1000, TA Instruments). Approximately
6e10 mg of foam was loaded into an aluminum pan and sealed
hermetically. The sample was first heated at 10 �C/min to
110 �C and equilibrated for 2 min, followed by cooling to
�120 �C and holding for 10 min before heating up to 300 �C
at 10 �C/min. Glass transition temperatures and heat capacity
changes were determined on the second heating cycles.

2.3.5. Small-angle X-ray scattering (SAXS)
About 10 mg of the foam sample was compressed in a copper

sample holder to a thickness of 2 mm and placed in a SAXS
apparatus. The setup comprises a Rigaku rotating anode, Cu
source and a Siemens Hi-Star multi-wire area detector. The
X-ray generator was operated at 12 kW and 40 mA. The attain-
able scattering angle (q/2) ranges from 0.18� to 38�. The foam
was exposed to X-rays for 5 min. The raw data were normalized
for sample thickness variation.

2.3.6. Atomic force microscopy (AFM)
A two-platen hydraulic press (Carver, Auto Series, Model

3895) capable of a maximum pressure of 60 MPa was used to
compress 10� 10� 5 mm foam samples into solid elasto-
meric sheets that are w200 mm thick. The foam samples were
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placed between two 30� 30� 0.2 cm highly polished (grain
size< 1 mm) stainless steel plates (type 304), then held under
1.2 MPa plate-pressure at 110� 1 �C for 3 h [26]. The result-
ing elastomer sheets are semi-transparent.

Tapping mode images were obtained using an AFM (Nano-
scope III Multimode, Digital Instrument) equipped with an
optical microscope (Nikon) and a charge-coupled device cam-
era. The cantilever is a standard Si cantilever with a tip radius
of about 100 Å and resonance oscillating frequency of
w275 kHz. All AFM images were acquired at ambient condi-
tions. Cantilever was operated within the repulsive regime and
images were collected at a resolution of 512� 512 pixels.

2.3.7. Fourier transform infrared spectroscopy with
attenuated total reflectance (FTIR-ATR)

An FTIR (Nicolet Series II Magna-750, Nicolet/Thermoelec-
tron) equipped with a single bounce ATR attachment (Profilir�,
SpectraTech) and a mercuryecadmiumetelluride detector was
used to collect spectra at foam surfaces. Two sets of samples,
5� 5� 1 cm, were cut from the center of foam buns and each
set comprises five different foam samples. The first set was dried
under vacuum at 60 �C for 48 h prior to measurements while
the second set was measured as is. Sample drying was to ensure
no water adsorbed on the foam surface after curing in 50%
humidity conditions. The sample was pressed against the zince
selenium (ZnSe) ATR crystal to ensure complete contact. A total
of 512 scans were taken on each sample over the wavelength
range from 4000 to 400 cm�1 at a resolution of 4 cm�1. For
each foam, three ATR-IR spectra were collected at different
locations of the sample to verify sample uniformity. All spectra
were normalized with respect to the absorbance of the aromatic
C]C stretching at 1600 cm�1. Comparison between the FTIR
results of two sets of foams, pre-dried and not dried, showed
no difference. Deconvolution of spectrum was performed
in the carbonyl region (1550e1800 cm�1) using Thermo-
Galactic’s GRAM32 software. Each peak was fit to a Gaussian
curve at a series of fixed wavelengths given in Table 2.

2.3.8. Indentation force deflection (IFD) test
One of the crucial properties of PU flexible foam is its abil-

ity to provide support under compression, commonly known
as load bearing capability. This load bearing capability is mea-
sured using an indentation force deflection (IFD) test. Foam
samples of 38.1� 38.1� 11.4 cm were tested in accordance
with standard procedures described in ASTM D-3574 test
B1. The sample was compressed at 5 cm/min until it reached
65% deflection. While holding the deflection constant, the
foam was allowed to equilibrate for 60 s before the force was
recorded. IFD test results are shown in Table 1.

3. Results and discussion

3.1. Solvent extraction

The solvent extraction was conducted to determine polymer
network connectivity in foams. The measured sol fractions of
the foams are tabulated in Table 1. All of the foams, with the
exception of 30% SAN, have less than 2% extractables. The
low extractable content is remarkable in both SBOP foams.
Since SBOP contains a small amount of saturated fatty acid
that cannot be functionalized, one would expect an increasing
sol fraction with an increasing concentration of SBOP [27]. Fur-
thermore, SBOP is a less reactive polyol due to its secondary
hydroxyl groups. However, a low sol fraction was observed
consistently in both SBOP-containing foams. It appears that
the concentration of non-functional polyol in SBOP is not sig-
nificant and the secondary hydroxyls are reacting fast enough
to incorporate SBOP into the PU network.

Foam made with SAN copolymer polyol has the highest ex-
tractable content and similar observations have been reported
elsewhere [28]. The total concentration of SAN copolymer in
30% SAN is approximately 8 wt%. The 4.75% extractables ob-
served can represent up to 60% of all SAN in the foam. The ex-
tractable fraction is likely comprised of SAN particles and the
soluble components in SAN copolymer polyol. This is because
SAN copolymer is synthesized via dispersion polymerization of
styrene and acrylonitrile monomers in the presence of unsatu-
rated polyether polyol as a stabilizing precursor [29e31]. Poly-
merized poly(styrene-co-acrylonitrile) forms discrete particles
in foam while un-grafted and un-reacted monomers remain in
the polyol mixture. Although the polymerized SAN particles
are stabilized, no literature has reported on the chemical bond
formation between the particle and the polyurethane network.
The un-grafted copolymer and un-reacted monomers are inca-
pable of chemical bonding and thus can be easily extracted [32].

3.2. Foam cellular structures

Performance of flexible foam requires high open cell con-
tent. Airflow (ASTM Standard D3574 Test G) is the standard
Table 2

IR band assignments in C]O region and peak area under the bands

Ester carbonyla Free urethane Free urea Monodentate urea Bidentate urea

Wavenumber (cm�1) 1745 1732 1713 1676, 1662 1645

Control 0.031 0.55 0.32 0.48 0.20

30% SAN 0.024 0.54 0.31 0.47 0.22

10% Crosslinker 0.020 0.57 0.42 0.42 0.16

10% SBOP 0.025 0.54 0.31 0.46 0.23

30% SBOP 0.080 0.60 0.31 0.44 0.25

All areas are normalized.
a Calculated band area under ester carbonyl absorbance.
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Fig. 3. SEM images: (a) control; (b) 30% SAN; (c) 10% crosslinker; (d) 10% SBOP and (e) 30% SBOP.
method measures cell openness. Sample foams were tested
and the airflow data are shown in Table 1. All airflow values
are within the standard range of open cell flexible foam [2].
Replacing base polyol with substituent polyols has little effect
on cell openness.

The important parameters that affect mechanical properties
of foams are cell strut thickness and length [1,2,33,34]. Be-
cause direct measurements of either parameter, strut thickness
or length, can be subjective, we adopted the approach of mea-
suring cell size [35e37]. Cell strut thickness and length can be
estimated from measured cell size by using equations found in
Ref. [33]. Generally, in open cell PU foams increased cell size
increases foam modulus.

SEM micrographs like those shown in Fig. 3 were exam-
ined, and the average cell diameter and standard deviation ob-
tained are shown in Fig. 4. The control foam has the largest
average cell size and narrowest cell size distribution. With re-
placement of polyether polyol with crosslinker or SBOP, foam
average cell size decreased and cell size distribution widened.
Although it is seen in both SEM images and cell size analysis
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Fig. 4. Average cell diameter and standard deviation.
that SBOP and crosslinker foams have smaller cells, the size
difference between either foam and control is not statistically
significant. The change in SAN copolymer-containing foam is
significant: the average cell size is 30% smaller than the con-
trol and cell size distribution is the broadest. However, the
literature indicates that mechanical properties, such as com-
pression modulus, will only change slightly by such change
in size [35,38]. Thus the SEM study and cell size analysis sug-
gest that partial substitution of polyols used here does not
significantly alter cellular structure of the foam, and thus the
observed foam mechanical properties’ changes are unlikely
to be due to cell size changes.

3.3. Polymer phase characterization

The polymer phase in a PU flexible foam comprises seg-
mented block copolymer commonly denoted as (AeB)n. The
two blocks are a polyol and a polyurea. The incompatibility
between the two blocks leads to a phase-separated morphology
consisting of polyol-rich soft domains and polyurea-rich hard
domains [39e41]. Both domains have a distinct glass transi-
tion temperature (Tg) and mechanical stiffness.

3.3.1. Dynamic mechanical analysis (DMA)
A direct approach to study the thermal and mechanical prop-

erties of the polymer phase is via DMA. Fig. 5 shows the mod-
ulus profiles of control, 30% SAN and 10% crosslinker foams.
All three G0 curves are similar up to their Tgs. At low tempera-
tures, foams behave as a solid showing high G0 values of
106 Pa. As temperature goes through Tg, a dramatic increase
in molecular motion causes G0 to decrease by nearly two
orders of magnitude and reaches a plateau. Interestingly, the
tan(d) curves of all three foams (see Fig. 6) exhibit peaks at
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the same temperature. Thus, the soft phases in all three foams are
polyether polyol-based soft phases with a Tg of� 56 �C. At tem-
peratures higher than the soft phase Tg, plateau moduli of the
foams show appreciable differences. The plateau G0 values of
30% SAN is 60% higher than the control, while the plateau G0

values of foam with 10% crosslinker is 80% higher. Although in-
creases of plateau modulus are seen in both SAN and cross-
linker-substituted foams, the mechanisms for the increase are
different. In both Figs. 5 and 6, 30% SAN foam clearly shows
a second Tg at 113 �C and beyond this transition, improvement
in the plateau G0 vanishes. As alluded to earlier, SAN copolymer
forms discrete particles and the Tg of polymerized SAN is ap-
proximately 120 �C [42]. SAN particles act as fillers in the poly-
mer phase and thus improve foam plateau modulus. The
observed increase in G0, even after SAN particles soften, can
be explained by a higher HS-to-SS ratio, shown in Table 2, in
30% SAN. In 10% crosslinker-substituted foam, improved pla-
teau modulus extends over nearly the entire temperature range
and is attributed to a higher concentration of HS [43]. This be-
havior will be further discussed in later sections.

Substitution with SBOP polyol, rather than simply elevat-
ing plateau modulus, alters the DMA profiles. A slow decay of
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G0 over a wide range of temperatures is seen in Fig. 7. Soft
phase Tg of both SBOP foams determined from tan(d) peaks
remains the same as the control (Fig. 8), however, the tan(d)
peak heights are significantly reduced. In both SBOP foams,
a large portion (70% and 90%) of the soft phase comprises
polyether polyol-based SS; the smaller tan(d) peaks indicate
that these polyether polyol SS do not soften at their Tg. Espe-
cially in the case of 30% SBOP, the tan(d) peak height is only
one-third of the control implying a large population of poly-
ether polyol SS is mixed with a higher Tg component, such
as SBOP polyol. In Fig. 8, 30% SBOP foam shows a very
broad tan(d) peak around 75 �C; this could indicate a second,
SBOP-containing soft phase. In addition to the loss of poly-
ether polyol-based SS, the absence of plateau regions in both
SBOP foams indicates the lack of defined distance between
domain spacing. Both the continuous decrease in G0 and the
tan(d) increase above 0 �C observed in SBOP foams argue
for a distribution of phase sizes.

3.3.2. Differential scanning calorimetry (DSC)
DSC heating curves in Fig. 9 reaffirmed that all four

substituted foams share the same soft phase Tg as that of the
control. The DSC measured Tg is � 60 �C (Fig. 10), very
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similar to the temperature of the tan(d) peaks. As discussed
above the DMA results indicate that polyether polyol-based
SS may have mixed with other components. DSC can quantify
this. Since Dcp scales with the total weight of polyether pol-
yol-based SS undergoing a transition from a solid to a softened
state, the weight fraction of pure polyether polyol soft phase
can be estimated. The method for determining Dcp is shown
in the inset of Fig. 9 and the results are tabulated in Table 1.

Both SAN and crosslinker-substituted foams show a slight
loss of the polyether polyol-based soft phase. The Dcp values
scale to 76% and 70% of control for crosslinker and SAN
foams, respectively. Given the formulations in Table 1, 30%
SAN should contain approximately 87% polyether polyol SS
in its soft phase, while 10% crosslinker foam should contain
90% polyether SS in its soft phase. Clearly, substitution of
crosslinker has more impact on the purity of the polyether
polyol-based soft phase than SAN, but the impact is far less
significant when compared to SBOP-substituted foams. The
10% and 30% SBOP foams contain 90% and 70% polyether
SS in their soft phases, respectively, however, the measured
Dcp are only 48% and 42% of the control. Polyether SS in
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SBOP foams is not all phase-separated; a significant fraction
of them is in a phase-mixed state with SBOP and/or HS.

To better understand the loss of polyether SS fraction, we
also measured Tg of each pure polyol. The Tgs of control,
SAN-containing, crosslinker, and SBOP polyols are �68,
�68, �51, and �35 �C, respectively. SBOP obviously has a
much higher Tg than the other polyols.

3.3.3. Small-angle X-ray scattering (SAXS)
SAXS was used to determine interdomain spacing, as well

as, to probe the degree of phase separation. SAXS profiles of
foam samples are shown in Fig. 11. The interdomain spacing
of 10% crosslinker (127 Å) is notably greater than that of con-
trol (115 Å), while other samples remain similar to the control.
Scattering signal intensity is notably different between foams.
SAN (30%) clearly has an enhanced signal intensity, while the
two SBOP-containing foams show great reductions in signal
intensities.

Normalized SAXS intensity is affected by two main para-
meters: (1) the number of scattering objects, which is related to
the volume fraction and also weight fraction of hard domains
(electron dense phase) and (2) the inherit electron density contrast
between the hard and soft domains [44,45]. The observed in-
crease in intensity of 30% SAN is attributable to the former,
a higher volume fraction of hard domains/scattering objects.
This is because the HS-to-SS ratio is higher in the 30% SAN poly-
mer phase than the control. On a per volume basis, there are more
scattering surfaces in SAN-containing foam than in the control.
Crosslinker and SBOP foams all have higher HS concentrations
compared to control, however, SAXS intensities are much lower.

Crosslinker foam, in addition to signal intensity loss,
showed a visible interdomain spacing increase of over 10 Å.
Since the bulk of the soft domains is still polyether polyol-
based, the interdomain spacing change is likely achieved via
an increase in hard domain size. Low molecular weight cross-
linker polyols can mix with the HS and form swelled hard
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domains, consequently, a larger hard domain size gives rise to
a larger interdomain spacing [46e49]. In addition, hard
domains swelled with crosslinker polyol are lower in electron
density than un-swelled hard domains. Therefore, the electron
density contrast between soft and hard domains is reduced and
10% crosslinker foam shows a reduction in SAXS intensity.

Substitution of SBOP has the most significant impact on
SAXS intensity. Both scattering profiles of SBOP-containing
foams show a slight decrease in interdomain spacing (higher
q value) and great reductions in signal intensity. The reduction
in intensity also increases as concentration of SBOP and HS
increases. Implicitly, substitution of SBOP reduces the elec-
tron density difference between the hard and soft domains.
Three possible scenarios are considered. First, the SBOP could
mix into the hard domains, thus ‘‘diluting’’ electron density
contrast. However, unlike in the case of 10% crosslinker foam,
SBOP samples showed no signs of increase in interdomain
spacing (low q values). In fact, a small shift of the scattering
profile to higher q values is observed. Thus, SBOP does not
seem to swell hard domains like the crosslinker does. A sec-
ond possibility is that HS is phase mixed with SS, where the
hard domain is replaced by non-hydrogen-bonded HS. In
such a case, it would reduce the SAXS intensity. However,
the results of a FTIR study, presented in a later section, indi-
cate HS in SBOP foams is well associated through hydrogen
bonding. A third possibility is that rather than forming well-
defined large hard domains, smaller hard domains may have
replaced these large ones in the SBOP foams. A wide distribu-
tion of interdomain spacing could lead to a reduction in SAXS
intensity. Additionally, smaller hard domain size equates to
more interfacial areas per unit volume, which may explain
the loss of SS observed in SBOP foams.

3.3.4. Atomic force microscopic (AFM) images
So far, all experiments are indirect measures to the polymer

phase morphology. It is desirable to ‘‘see’’ the hard and soft
domains and thus understand the changes in morphology due
to substituent polyols. This is possible using AFM.

Phase images of foams acquired via AFM are shown in
Fig. 12. Hard and soft domains are indicated by different colors.
Yellow-to-white (light) colored areas correspond to high mod-
ulus regions, i.e., hard domains, and brown-to-black (dark)
colored areas correspond to low modulus regions, i.e., soft do-
mains. The hardness difference between two domains is corre-
lated to a phase scale expressed in degrees [50,51]. For each
image, the overall phase scale was adjusted to clearly illustrate
foam morphology, as indicated in the caption of Fig. 12. During
tapping mode image acquisitions, the AFM tip was controlled
to indent the sample surface by approximately 15 nm. By con-
trolling the distance of tipesample interaction, comparison of
phase images can be made more consistently.

Control foam in Fig. 12a clearly shows a two-phase, well-
separated morphology. Each phase is distinguishable by color
and the boundaries are visible. The image is displayed at a total
phase scale of 25�, which is similar to previous findings by
other studies [50,52]. A higher magnification image of the
control sample in Fig. 12b showed an estimated interdomain
spacing of 100e150 Å, which is in good agreement with inter-
domain spacing measured in SAXS, 115 Å.

Phase images (not shown here) of SAN-containing sample
exhibited the same phase-separated morphology and domain
spacing as the control. In addition, 30% SAN foam also exhibits
a unique feature e SAN particles dispersed within the polymer
phase as shown in Fig. 12c and d. These are SAN particles be-
cause they are: (1) spherical in shape (different from the hard
domains seen in the control), (2) large in size and (3) high in
modulus. The measured diameters of these particles range
from 0.2 to 0.7 mm, consistent with the known composition
and specification of Hyperlite� E-849 copolymer polyol. The
hardness difference between these particles and soft domains
is much higher than that between hard and soft domains. The
overall image phase scale is 90� for Fig. 12c and d. It is interest-
ing to note that samples compressed at 120 �C lost this large-
scale morphology presumably due to flow of the SAN particles.

Phase images of 30% SBOP display quite different
morphology from the control. Phase images in Fig. 12e and
f were taken at two different regions of the same sample,
showing morphology variation within 30% SBOP. The most
noticeable feature is that the domain boundaries in
Fig. 12eeh are blurry. In addition, a size variation of hard do-
mains can be seen in these images. In Fig. 12e and f, some
hard domains have slightly more distinguishable boundaries
while the rest do not. From a sampling of different regions
on 30% SBOP foam and previous results in DMA, the slightly
better phase-separated areas could be polyether polyol-based
soft domain rich region. Phase images in Fig. 12e and f are
displayed with an overall phase scale of 25� and the measured
average phase hardness difference is only 10�. This signifies
that the modulus of the soft domains increased. A similar,
but more pronounced drop in phase hardness difference is ob-
served in Fig. 12g and h. The overall phase scale is 10� and
measured phase hardness difference is less than 8�. The
boundaries here between the two phases are even less detect-
able. More importantly, hard domains appear to be smaller in
size than those seen previously, especially in control.

The AFM images of 30% SBOP foam show that hard do-
mains are smaller in size, in close proximity, and have no clear
boundaries. The hardness difference between the soft and hard
domains is significantly less in SBOP foams. It is expected
that the 30% SBOP foam has a higher overall room tempera-
ture modulus than other foams because the soft domains in
SBOP foam are relatively harder. Two possible reasons may
contribute to the higher modulus in SBOP foam. First, the re-
duced hard domain size and loss of domain boundaries. This
may influence the soft phase by increasing HS/SS interface
thus trapping SS at interfaces and reducing the amount of SS
participating in soft domains. Second, the SBOP-based soft
domain is harder. In Section 3.3.1, we speculated that there
may exist a second soft phase rich with SBOP-based SS and
a Tg around 75 �C.

The blurred boundaries between hard and soft domains in
30% SBOP foam also raise a question whether the amount
of hydrogen bonding between HS has been altered. The
following section of FTIR-ATR examines the amount of
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Fig. 12. Tapping mode AFM images. Images (b), (d), (f) and (h) are higher magnifications of the indicated regions on images (a), (c), (e) and (g) respectively.

Colored bars in (b) are 100 Å in length: control (a) 1 � 1 mm, 25�-scale, (b) 250 � 250 nm, 25�-scale, 30% SAN (c) 2 � 2 mm, 90�-scale, (d) 1 � 1 mm,

90�-scale, 30% SBOP (e) 1 � 1 mm, 25�-scale, (f) 500 � 500 nm, 25�-scale, 30% SBOP (g) 1 � 1 mm, 10�-scale, (h) 500 � 500 nm, 10�-scale.
hydrogen-bonded species and molecular differences between
substituted foams.

3.3.5. Fourier transform infrared (FTIR) spectroscopy with
attenuated total reflectance (ATR)

FTIR-ATR spectra of the foams’ carbonyl regions (1550e
1800 cm�1) are shown in Fig. 13. Two particular absorbance
regions are of interest: free species region, >1700 cm�1, com-
prising both free urethane and free urea, and H-bonded species
region, <1700 cm�1. Details of spectra interpretation and
band assignments can be found in Refs. [53e55]. These bands
are listed in Table 2 along with the peak areas.
Polyurea HS that does not participate in hard domain forma-
tion remains in the polymer as free, i.e., non-hydrogen-bonded
urea. These free ureas have an IR absorbance at 1713 cm�1.
Among all foam samples shown in Fig. 13, 10% crosslinker
shows the highest free urea absorbance band while very little
variation in free urea absorbance band is seen in the other
foams. These free ureas are likely the result of swelled hard do-
mains, which agrees with the increase in interdomain spacing
observed by SAXS (Fig. 11).

The state of urethane bond provides less information on
phase morphology, nevertheless, urethane still participates in
hydrogen bonding via its carbonyl group. In general, more
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than half of the urethane bonds remain free [56]. Our foam
samples show some variation in free urethane content. SAN
(30%) and SBOP (10%) have the least amount of free urethane
followed by control, 10% crosslinker and 30% SBOP. Other
than the 10% SBOP sample, the free urethane amount in-
creases with increasing molar concentration of hydroxyls in
the formulation. Note that 30% SAN and 10% SBOP closely
resembles each other in the urethane composition.

Hydrogen-bonded ureas, including both monodentate and bi-
dentate, are indications of hard domain ordering. The structure
of monodentate urea is less ordered than that of bidentate
urea. From control, 30% SAN, 10% SBOP to 30% SBOP, the ab-
sorbance bands shift from monodentate to bidentate urea. The
shift in hydrogen-bonded urea region is in agreement with HS
concentrations tabulated in Table 1 and is possibly a result of
concentration effect. However, 10% crosslinker has the second
highest HS concentration, and its IR spectrum shows the lowest
bidentate urea absorbance. HS in 10% crosslinker is evidently
not well associated and ordering in hard domains has been dis-
rupted. The two SBOP-substituted foams are quite unique. The
spectrum of 10% SBOP foam, as with the urethane spectrum re-
gion, resembles 30% SAN in the urea species composition. The
similarity between the two spectra, 30% SAN and 10% SBOP,
indicates that substituting copolymer filler or SBOP may have
a similar effect on morphology. In 30% SBOP foam, the hard do-
mains are more ordered. The peak at 1645 cm�1 is more evident
in the spectrum of 30% SBOP than in the others. Although the
AFM and SAXS indicate that hard domains are smaller, FTIR
indicates that the HS ordering within these domains is improved
over the control. The bidentate urea peak in SBOP foam eluci-
dates that SBOP plays a different role in polymer phase mor-
phology from crosslinker.

3.3.6. Indentation force deflection (IFD)
The compressive properties of foams were evaluated using

IFD tests and results are both plotted in Fig. 14 and tabulated
in Table 1. All substituent polyols have improved compression
pressure considerably over the control. Conventional
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approaches to improve foam compression properties using co-
polymer-filled polyol and crosslinker showed approximately
35% increase in compression pressure. A similar amount of in-
crease was achieved with 10% substitution using SBOP. When
the amount of substituent SBOP increased to 30%, a startling
131% increase is observed. The more-than-doubled increase in
compression pressure is a result of higher modulus of the foam
polymer phase. A side-by-side comparison of foam shear mod-
ulus G0 at 25 �C and compression pressures measured in IFD
tests are shown in Fig. 14.

4. Conclusions

The experimental results demonstrated that the substituent
polyols used in this study are all capable of improving me-
chanical properties, specifically compressive properties. How-
ever mechanisms, through which the increases were achieved,
are different.

Substituting SAN copolymer-filled polyol results in slightly
smaller cell size and does not change phase-separated mor-
phology in the polymer phase. The increase in IFD test is cor-
related to a higher polymer phase modulus as a result of SAN
particles acting as reinforcement.

The use of the crosslinker polyol alters polymer phase mor-
phology, especially that of hard domains. This low molecular
weight polyol mixes into the hard domains, disrupts hard do-
main ordering and alters interdomain spacing. Significant loss
of HS to free ureas has been shown to result in reduction in
modulus [56,57]. However, the overall concentration of HS
in 10% crosslinker foam compensates for its loss of hard
domain ordering. The improved modulus, thus higher IFD, is
a result of higher HS concentration.

SBOP foams have the most interesting results. Although it
is a low molecular weight polyol, the SBOP-substituted foam
is morphologically different from its petroleum counterpart,
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crosslinker foam. The thermal analysis, DSC and DMA, shows
that SBOP foams have much less than the expected amount of
polyether soft domains. The DMA results further suggest that
there may exist an SBOP-rich region in SBOP foams, which
has a higher Tg than the polyether polyol-based soft domains.
AFM images verify the possibility of two types of soft do-
mains. In addition, AFM images show that 30% SBOP has
smaller hard domains with a distribution of interdomain spac-
ings. The observed broad peak in SAXS is, therefore, due to
lower electron density contrast between hard and soft domains
and a broad interdomain spacing distribution. The FTIR
results indicate that SBOP-containing foams have the most
ordered hard domain structures, implying a well phase-
separated hard phase.

The improved polymer modulus in SBOP foam is attributed
to a combination of factors: a high Tg SBOP-rich phase, high
HS concentration, and improved hard domain ordering.
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